The conversion of lineage-committed cells to induced pluripotent stem cells (iPSCs) by reprogramming is accompanied by a global remodeling of the epigenome 1-5 , resulting in altered patterns of gene expression 2,6-9 . Here we characterize the transcriptional reorganization of large intergenic non-coding RNAs (lincRNAs) 10,11 that occurs upon derivation of human iPSCs and identify numerous lincRNAs whose expression is linked to pluripotency. Among these, we defined ten lincRNAs whose expression was elevated in iPSCs compared with embryonic stem cells, suggesting that their activation may promote the emergence of iPSCs. Supporting this, our results indicate that these lincRNAs are direct targets of key pluripotency transcription factors. Using lossof-function and gain-of-function approaches, we found that one such lincRNA (lincRNA-RoR) modulates reprogramming, thus providing a first demonstration for critical functions of lincRNAs in the derivation of pluripotent stem cells.
The conversion of lineage-committed cells to induced pluripotent stem cells (iPSCs) by reprogramming is accompanied by a global remodeling of the epigenome [1] [2] [3] [4] [5] , resulting in altered patterns of gene expression 2,6-9 . Here we characterize the transcriptional reorganization of large intergenic non-coding RNAs (lincRNAs) 10,11 that occurs upon derivation of human iPSCs and identify numerous lincRNAs whose expression is linked to pluripotency. Among these, we defined ten lincRNAs whose expression was elevated in iPSCs compared with embryonic stem cells, suggesting that their activation may promote the emergence of iPSCs. Supporting this, our results indicate that these lincRNAs are direct targets of key pluripotency transcription factors. Using lossof-function and gain-of-function approaches, we found that one such lincRNA (lincRNA-RoR) modulates reprogramming, thus providing a first demonstration for critical functions of lincRNAs in the derivation of pluripotent stem cells.
Cellular reprogramming demonstrates the remarkable plasticity of cell fates, as illustrated by the isolation of iPSCs from fibroblasts [6] [7] [8] [9] . Molecular analysis of epigenetic modifications has revealed a nearcomplete remodeling of the epigenome during reprogramming [1] [2] [3] [4] 12 , resulting in the conversion of lineage-specific protein-coding gene and microRNA expression profiles similar to those seen in embryonic stem cells (ESCs) 2, [6] [7] [8] [9] . We and others have recently discovered a new class of lincRNAs that are expressed in a cell-type-specific manner 13 and which can associate with epigenetic regulators 11, [14] [15] [16] involved in pluripotency and lineage commitment 17, 18 .
To date, it is not known whether large-scale transcriptional changes induced by reprogramming apply to lincRNAs and whether these changes have any functional relevance. To test this, we compared the transcriptional profiles of human lincRNAs alongside protein-coding genes across fibroblasts, their derivative iPSCs and ESCs. We reprogrammed four primary fibroblast lines 7 and validated the functionality of the resulting iPSC lines ( Supplementary Figs. 1 and 2) . We then performed DNA microarray analysis of the parental fibroblasts, seven of their derivative iPSC lines and two ESC lines. Consistent with previous studies, analysis of the gene expression profiles revealed that all iPSCs were similar to ESCs 19, 20 and were distinct from fibroblasts ( Fig. 1a and Supplementary Fig. 3 ). We detected 3,694 genes upregulated and 3,283 genes downregulated in iPSCs and ESCs compared with fibroblasts (greater than twofold, P < 0.05; Fig. 1b) . Taken together, our fibroblast-derived iPSCs fulfill functional criteria of bona fide iPSCs 20 and exhibit a uniform protein-coding gene expression profile similar to ESCs.
To explore the expression of lincRNAs, we designed a microarray probing ~900 lincRNAs in the human genome 11 and analyzed their expression in the above cell lines. The global lincRNA expression profiles of the iPSCs were very similar to those of ESCs and were distinct from those of fibroblasts (Fig. 1c) . We observed 133 lincRNAs that were induced and 104 lincRNAs that were repressed (greater than twofold, familywise error rate (FWER) < 0.05) across all iPSCs and ESCs compared with fibroblasts (Fig. 1d,e and Supplementary Table 1) . Similar to the case with protein-coding genes, direct reprogramming resulted in concomitant activation or repression of numerous lincRNAs consistent with a reactivation of the ESC state.
To exclude the possibility that reprogramming-induced changes in lincRNA expression reflect the opening and closing of chromatin domains of neighboring protein-coding genes, we analyzed the correlation of expression between each reprogrammed lincRNA and its neighboring genes and found no significant correlation (P = 0.999; Fig. 1f ). This indicates an independent and cell-type-specific regulation of lincRNA expression. 
e t t e r s
We sought to identify lincRNAs with potentially important functions in ESCs and iPSCs. Among the many pluripotency-associated lincRNAs ( Fig. 1d and Supplementary Fig. 4) , we searched for those that were expressed in both ESCs and iPSCs but which showed elevated levels in iPSCs relative to ESCs, reasoning that their higher expression there may have conferred a selective advantage on emerging iPSCs. We identified 28 lincRNAs that showed greater expression in fibroblast iPSCs relative to ESCs (greater than twofold, FWER < 0.05; Fig. 2a) , and we refer to these as 'iPSC-enriched' lincRNAs hereafter.
We 
Figure 1 l e t t e r s of the cell of origin. To test this, we profiled lincRNA expression in CD34 + hematopoietic stem and progenitor cells, two CD34 + iPSC lines 21 , and ESCs using the same approach as above. Like fibroblast iPSCs, CD34 + iPSCs had similar global lincRNA expression profiles as ESCs which were distinct from those of CD34 + cells ( Supplementary  Fig. 4) . Ten of the twenty-eight lincRNAs elevated in fibroblast iPSCs were also elevated in CD34 + iPSCs ( Fig. 2b and Supplementary  Fig. 5 ). This overlap was statistically significant (P < 0.0001). We independently validated the levels of eight out of ten common iPSCenriched lincRNAs by quantitative RT-PCR (qRT-PCR) (Fig. 2b) and detected considerable variation in expression. Positive selection for minimal RNA levels and the absence of counter selection against higher expression during reprogramming may be the cause for this variability. Collectively, these results show that numerous lincRNAs are tightly associated with the pluripotent state, including a subset of lincRNAs that are consistently enriched in iPSCs independent of the cell of origin. If iPSC-enriched lincRNAs are important for iPSC derivation, we suspected that a link with the pluripotency network may exist. To test this, we first intersected previously published OCT4 binding regions in ESCs 22 with iPSC-enriched lincRNA loci (demarcated by domains of histone H3K4 and H3K36 methylation 10, 11 , named according to their neighboring 3′ gene) and identified three overlapping loci: lincRNA-SFMBT2, lincRNA-VLDLR and lincRNA-RoR (formerly called lincRNA-ST8SIA3). We performed independent ChIP-qPCR to validate the binding of OCT4 and probed for SOX2 and NANOG occupancy at these sites. All three transcription factors occupied these regions, coinciding with or being in close proximity to lincRNA promoters (peaks of H3K4me (ref. 10); Fig. 3a and Supplementary Fig. 6 ).
To determine whether expression of iPSC-enriched lincRNAs is dependent on pluripotency transcription factors, we depleted OCT4 in iPSCs and ESCs using short interfering RNAs (siRNAs) and monitored the levels of iPSC-enriched lincRNAs. We verified OCT4 knockdown and induction of the differentiation marker LMNA (Fig. 3b and  Supplementary Fig. 7) . Levels of all three iPSC-enriched lincRNAs dropped within 72 h (Fig. 3b and Supplementary Fig. 7c ). To further verify that downregulation of iPSC-enriched lincRNAs is caused by perturbation of the pluripotency network, we induced embryoid body formation as a distinct pathway of differentiation. Again, levels of all three iPSC-enriched lincRNAs dropped within two days ( Fig. 3c  and Supplementary Fig. 7d ). The expression of these lincRNAs thus appears to be controlled by pluripotency transcription factors in ESCs and iPSCs.
We then turned to investigate the functional roles of iPSC-enriched lincRNAs in the reprogramming process. To this end, we generated short hairpin RNA (shRNA)-expressing lentiviruses targeting lincRNA-RoR and lincRNA-SFMBT2, which showed the strongest response to embryoid body differentiation and OCT4 knockdown and validated each knockdown relative to a nontargeting control shRNA ( Fig. 4a and Supplementary Fig. 8a) . To test the effect of lincRNA depletion on reprogramming, we infected dH1f fibroblasts 7 
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VOLUME 42 | NUMBER 12 | DECEMBER 2010 Nature GeNetics l e t t e r s both the shRNA-expressing and the reprogramming viruses 7,9 and scored emerging iPSC colonies based on Tra-1-60 marker expression (at day 21) 20 . Interference with lincRNA-SFMBT2 did not affect iPSC colony formation ( Supplementary Fig. 8b,c) , suggesting that lincRNA-SFMBT2 is not essential, or alternatively, that its moderate reduction was insufficient to perturb reprogramming. In contrast, knockdown of lincRNA-RoR resulted in a significant twofold to eightfold decrease of iPSC colonies relative to the control, whereas progenitor cells were unaffected (P < 0.01; Fig. 4b,c,d and Supplementary Table 2 ). The resulting iPSC colonies fulfilled the additional criteria of fully reprogrammed cells (Supplementary Fig. 9 ). These results demonstrate a functional requirement of lincRNA-RoR expression for iPSC derivation. Several studies have established critical roles of cell proliferation and a bypass of senescence during the early stages of reprogramming [23] [24] [25] [26] [27] . We therefore examined if knockdown of lincRNA-RoR compromised cell growth of fibroblasts or cells during this window, and we failed to detect significant differences in cells infected with the lincRNA-RoR-targeting virus compared with the control (Fig. 4c  and Supplementary Fig. 10 ). In addition, the kinetics of reprogramming upon knockdown of lincRNA-RoR was similar to the control (Supplementary Fig. 11 ). Collectively, these findings point to a specific inhibition of the reprogramming process rather than a delay of iPSC formation upon loss of lincRNA-RoR.
Intrigued by this phenotype, we used 5′ and 3′ rapid amplification of complementary DNA (cDNA) ends to clone the full-length transcript of lincRNA-RoR (Fig. 4e) , which recovered a 2.6-kb long RNA comprised of four exons (Fig. 4e, shown in red) . We did not detect any clones that were spliced to protein-coding genes or intact open reading frames, and we confirmed the presence of a single transcript of expected length by RNA blotting (Fig. 4e and Supplementary Fig. 12) .
We next used a complementary gain-of-function approach to test whether elevated lincRNA-RoR expression might enhance reprogramming. We infected dH1fs with empty pBabe-puro retrovirus, GFP-expressing virus or lincRNA-RoR-expressing virus, we selected transgenic cells, and we documented 25-fold to 70-fold overexpression of lincRNA-RoR relative to the levels in H9 ESCs (Fig. 4f) . We induced reprogramming in these stable cell lines and consistently observed a more than twofold increase in iPSC colony formation (at day 28 ± 2 days) (P < 0.001; Fig. 4g ). This was not associated with significant changes in cell growth of fibroblasts or cells at the early stages of reprogramming ( Fig. 4h and Supplementary Fig. 10) . Thus, overexpression of lincRNA-RoR positively affects the establishment of iPSCs during reprogramming (Fig. 4g,i ) in addition to having possible functions in iPSC maintenance. Supporting these latter functions, transient knockdown of lincRNA-RoR in ESCs and established iPSCs resulted in a growth deficiency linked with elevated apoptosis (Supplementary Fig. 13 ).
To gain insight into which cellular pathways are affected by lincRNARoR knockdown, we performed microarray gene expression analysis. Consistent with its apoptotic phenotype, knockdown of lincRNA-RoR led to upregulation of genes involved in the p53 response, the response to oxidative stress and DNA damage-inducing agents, as well as cell death pathways (Supplementary Table 3) . Notably, simultaneous (Fig. 3a) . Right, RNA hybridization of lincRNA-RoR detects a 2.6-kb transcript in hFib2-iSP5 but not in dH1f (for full-length blot, see supplementary Fig. 12 ). l e t t e r s knockdown of p53 partially rescued the apoptotic phenotype caused by ablation of lincRNA-RoR (Supplementary Fig. 14) . Taken together, these results suggest that lincRNA-RoR plays a role in promoting survival in iPSCs and ESCs, likely by preventing the activation of cellular stress pathways including the p53 response.
Our transcriptional profiling approach has revealed numerous lincRNAs that are part of the transcriptional repertoire of human ESCs and are induced during reprogramming of different cell types. We have identified several iPSC-enriched lincRNAs that appear to be directly regulated by the pluripotency network. Notably, we found no direct syntenic correlates of the ten iPSC-enriched lincRNAs expressed in mouse ESCs (with the exception of lincRNA-VLDLR). Similar to what has been described for protein-coding genes 28 , the transcriptional networks of lincRNAs in ESCs may have become rewired, conferring species-specific regulation.
The modulation of reprogramming by lincRNA-RoR provides the first functional example of a lincRNA in establishing iPSCs, and we therefore name it lincRNA-RoR for 'regulator of reprogramming' . Future studies will be required to decipher the molecular mechanism by which lincRNA-RoR acts and to gain a global understanding of lincRNA function in the establishment and maintenance of pluripotency. One possibility is that pluripotency-associated lincRNAs interface with chromatin-modifying complexes to assist in the regulation of the distinct epigenetic architecture in pluripotent cells. Supporting this, previous studies have demonstrated critical roles for chromatin-modifying complexes in the establishment and maintenance of pluripotency, and numerous lincRNAs can interact with these complexes to impart target specificity 11, 15, 16 . Here we demonstrate the modulation of reprogramming by a large non-coding RNA, supporting the notion that lincRNAs represent an additional layer of complexity in the networks controlling cellular identity.
URLs. ImageJ, http://rsbweb.nih.gov/ij/.
MeTHodS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturegenetics/. Accession Numbers. All primary data are deposited in the Gene Expression Omnibus under accession number GSE24182.
Note: Supplementary information is available on the Nature Genetics website.
oNLINe MeTHodS
All primer, siRNA, RNA probe, cDNA and cloning sequences are listed in Supplementary Table 4. Microarray analysis. Total RNA was isolated using RNA Stat-60 (Tel-Test) and was DNase treated (DNAfree, Ambion). For protein-coding gene expression analysis, total RNA was hybridized to AffymetrixU133Plus2.0 chips and processed as described 10 . For lincRNA expression analysis, total RNA was amplified using MessageAmp II (Ambion), labeled and hybridized to lincRNA arrays as described 11 .
Statistical analysis. Affymetrix gene expression arrays were normalized as described 11 . Differentially expressed genes were identified using a Student's t-test (two-tailed, two-sample equal variance). LincRNA microarray probe intensities were quantile normalized and log transformed, and significantly enriched lincRNA regions were identified as described 11 . Differentially expressed lincRNAs (Supplementary Table 1 ) were identified using a Student's t-test, and significance was estimated using 1,000 permutations of class labels to control for a familywise error rate (FWER < 0.05).
Unsupervised and supervised hierarchical clustering of gene and lincRNA expression profiles were performed using GenePattern 30 .
To compute the correlation between lincRNAs and neighboring proteincoding genes, we computed a Pearson correlation coefficient for each lincRNA to both its left and right neighboring gene across the full datasets. We then permuted gene locations and computed the same correlation coefficient for each lincRNA against randomized gene neighbors. We performed 1,000 permutations and assessed the statistical significance of this interaction by comparing the observed scores to the randomly permuted scores.
Statistical significance of overlapping iPSC-enriched lincRNAs in fibroblast iPSCs
and CD34 + iPSCs. Random simulations were used to calculate the probability of obtaining an overlap as large as we identified while at the same time controlling for the set size of both differentially expressed and upregulated lincRNAs in each iPSC type.
Statistical analysis of iPSC colony yield. Each sample was normalized to the total number of iPSC colonies within one experiment to weigh out the variations in colony numbers across experiments. The resulting values representing fractions of colony numbers within each experiment were then used for statistical analysis using a Student's t-test (two-tailed, two-sample equal variance).
Protein-coding genes deregulated upon lincRNA-RoR knockdown. Affymetrix gene expression arrays were normalized as described 11 . PaGE analysis was used to identify genes that are differentially expressed in lincRNA-RoR siRNA knockdown iPSC while comparing with control samples 31 (false discovery rate (FDR) < 0.2, default parameters). Gene set enrichment analysis was performed using 100 permutations of gene sets and a t-test as test statistics (FDR < 0.2).
qRT-PCR. cDNA was synthesized with SuperScript II (Invitrogen) and qPCR was performed using the Brilliant SYBR Green QPCR mix. Relative expression values were calculated (ΔΔCT method) using GAPDH or β-ACTIN as a normalizer.
Immunostaining. Cells were fixed with 4% p-formaldehyde and stained with biotin-anti-Tra-1-60 (eBioscience, #13-8863-82) and streptavidin horseradish peroxidase (HRP) (Biolegend, #405210) diluted in PBS (3%), FCS (0.3%) Triton X-100. Staining was developed with the Vector labs DAB kit (#SK-4100), and iPSC colonies quantified with ImageJ software.
